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BACKGROUND: Incidence of childhood leukemia in industrialized countries rose significantly during
1975-2004, and the reasons for the increase are not understood.

OBJECTIVES: We used carpet dust as an exposure indicator to examine the risk of childhood leukemia
in relation to residential exposure to persistent organochlorine chemicals: six polychlorinated biphe-
nyl (PCB) congeners and the pesticides 0- and Yy-chlordane, p,p"-DDT (dichlorodiphenyltrichloro-
ethane), p,p"-DDE (dichlorodiphenyldichloroethylene), methoxychlor, and pentachlorophenol.

METHODS: We conducted a population-based case—control study in 35 counties in northern and
central California in 2001-2006. The study included 184 acute lymphocytic leukemia (ALL) cases
0-7 years of age and 212 birth certificate controls matched to cases by birth date, sex, race, and
Hispanic ethnicity. We collected carpet dust samples from the room where the child spent the most
time before diagnosis (similar date for controls) using a specialized vacuum.

RESULTS: Detection of any PCB congener in the dust conferred a 2-fold increased risk of ALL [odds
ratio (OR) = 1.97; 95% confidence interval (CI), 1.22-3.17]. Compared with those in the lowest
quartile of total PCBs, the highest quartile was associated with about a 3-fold risk (OR = 2.78; 95%
CI, 1.41-5.48), and the positive trend was significant (p = 0.017). Significant positive trends in
ALL risk were apparent with increasing concentrations of PCB congeners 118, 138, and 153. We
observed no significant positive associations for chlordane, DDT, DDE, methoxychlor, or pen-
tachlorophenol. The associations with PCBs were stronger among non-Hispanic whites than among
Hispanics despite similar distributions of PCB levels among controls in each racial/ethnic group.

CONCLUSIONS: Our findings suggest that PCBs, which are considered probable human carcinogens
and cause perturbations of the immune system, may represent a previously unrecognized risk factor

for childhood leukemia.
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Childhood leukemia is the most common
childhood cancer, and the etiology is poorly
understood (Buffler et al. 2005; Ross and
Spector 2006). Acute lymphocytic leukemia
(ALL) accounts for about 80% of child-
hood leukemias in most Western countries
(Dalmasso et al. 2005; Kroll et al. 2006; Ries
et al. 2004); incidence peaks at 25 years of
age, indicating that early-life exposures are
important. Incidence of ALL is highest in
industrialized countries (Ross and Spector
2006) and rose significantly over the period
1975-2004 in the United States, Europe,
and Japan (Dalmasso et al. 2005; Kroll et al.
2006; Nishi et al. 1996; Ries et al. 2004),
suggesting that environmental exposures or
lifestyle changes may play an etiologic role.
Organochlorine insecticides [e.g., DDT
(dichlorodiphenyltrichloroethane) and chlor-
dane] and polychlorinated biphenyls (PCBs)
became common environmental contaminants
after World War II because of their wide-
spread use, persistence in the environment,
and bioaccumulation through the food chain.
Because of concerns about detrimental effects
on the environment and human health, uses
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of DDT, PCBs, and chlordane were banned
in the United States in 1972, 1977, and 1988,
respectively. However, these chemicals persist
indoors in carpets, where they are protected
from degradation by sunlight, moisture, and
microorganisms. Ingestion of house dust is
an important route of chemical exposure for
young children, who spend most of their time
indoors and frequently put their hands in their
mouths (Bradman et al. 1997; Lanphear et al.
1996; Thornton et al. 1990; Wilson et al.
2001). Concentrations of organochlorines in
serum, breast milk, and dietary sources have
decreased substantially since the 1970s (Furst
2006; Schecter et al. 2005); as a result, indoor
sources can be a major contributor to exposure
for children living in older homes, where these
chemicals are frequently detected.
Epidemiologic studies have implicated
residential and parental exposure to pesti-
cides as risk factors for childhood leukemia.
However, specific pesticides were not identi-
fied in most studies, which relied primarily
on self-reports about pesticide use. PCBs are
considered probable human carcinogens and
cause perturbations of the immune system
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(Hertz-Picciotto et al. 2008). PCB congeners
commonly found in blood, adipose tissue,
and house dust have been associated with
increased risk of adult non-Hodgkin lym-
phoma (NHL) in cohort and case—control
studies (Colt et al. 2005; De Roos et al. 2005;
Engel et al. 2007). In this report, we evalu-
ated the hypothesis that persistent organo-
chlorine chemicals may increase the risk of
childhood leukemia, and we used residential
carpet dust as an indicator of exposure. No
previously published population-based study
has evaluated residential exposure to these
chemicals and risk of childhood leukemia.

Methods

Study population. We conducted a popula-
tion-based case—control study of childhood
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leukemia in northern and central California
(Northern California Childhood Leukemia
Study), which included 17 counties in the
San Francisco Bay area and 18 counties in
the Central Valley. As described previously
(Chang et al. 2006; Ma et al. 2004, 2005),
cases < 14 years of age were rapidly ascer-
tained from the nine major pediatric clinical
centers in the study area, and controls, indi-
vidually matched to cases on age, sex, race,
Hispanic ethnicity, and maternal residence in
the 35-county study area, were selected from
California birth certificate files. A detailed in-
home interview that included residential and
parental occupational history (tier 1) was con-
ducted with the child’s primary caretaker after
consent was obtained. Beginning with cases
diagnosed in December 1999 (and a similar
reference date for controls), cases and con-
trols < 7 years of age who were living at the
home they occupied at the time of diagnosis
were eligible for a second interview (tier 2).
During the eligibility period for tier 2 par-
ticipation, the participation rate in the main
study among families of cases < 8 years of age
was 86%. Among households of potential
controls, 9% could not be located and 21%
refused before eligibility could be determined.
Of the 606 controls determined to be eligible
for the main study, 536 (88.5%) participated.

In the tier 2 interview, we obtained
detailed information on home and garden
pesticide use, inventoried pesticides in storage,
and collected carpet dust samples. We lim-
ited eligibility to younger cases and controls
so that the carpet dust sample would reflect
exposures over a substantial portion of the
child’s life. We also took a global positioning
system measurement of the home location and
determined whether the residence was located
in an urban, suburban, or rural area based on
the 2000 U.S. census block characteristics
(U.S. Census Bureau 2002). We mapped crop
fields within 1,500 m if the home was located

in an agricultural area. Among 244 cases and
305 controls eligible for a tier 2 interview
through March 2006, 225 cases (92%) and
244 controls (80%) participated. The primary
reason for nonparticipation was refusal.

We collected dust samples using a special-
ized vacuum, the high-volume small-surface
sampler (HVS3; Cascade Stack Sampling
System, Venice, FL), from December 2001
through March 2006. Because of the longer
time period involved in identifying, enrolling,
and interviewing birth certificate controls in
the main study, the time between the refer-
ence date and dust collection was less for cases
{median [interquartile range (IQR)] years:
cases, 0.96 (0.76-1.38); controls, 1.55 (1.24—
1.97)}. As previously described (Colt et al.
2008), we asked parents to identify the room
where the child had spent the most time,
while awake, during the year before diagnosis
or reference date. We took the HVS3 sam-
ple in that room if there was a carpet or area
rug measuring at least 9 ft? that was present
before the reference date. Most samples were
taken in the living room or family room. A
total of 203 cases and 212 controls met the
eligibility requirements for sampling and had
adequate dust (- 0.25 g) collected for analy-
sis by at least one of the analytic methods
(described below). A total of 22 cases and 32
controls either had no eligible carpet or the
dust amount collected was too little for analy-
sis. We present results for ALL (n = 184),
which constituted 91% of the leukemia cases.

Laboratory methods. Details of the carpet
dust sample shipping, processing, and chemi-
cal analyses have been described previously
(Colt et al. 2008). Briefly, we sieved dust sam-
ples and retained the fine fraction (< 150 pm).
We used a hexane:acetone extraction method
for a- and y-chlordane (hereafter chlordane),
p,p"-DDE (dichlorodiphenyldichloroethyl-
ene; hereafter DDE), p,p’-DDT (hereafter
DDT), dieldrin, lindane, methoxychlor, and

Table 1. Percent detections and concentrations (ng/g) of persistent organochlorine compounds measured

in carpet dust, among controls (n=212).2

Method DL Geometric Geometric Arithmetic Arithmetic

Compound (ng/q) Percent>DL  mean (ng/g)” SD mean (ng/g)? SD
Total PCBs — 64.6 5.63 4.65 16.23 32.05
PCB-105 1 1.3 — — — —
PCB-118 1 29.2 0.3 13.0 3.69 9.87
PCB-138 1 481 1.0 6.9 6.84 17.10
PCB-153 1 48.6 1.0 57 5.77 17.50
PCB-170 2 7.1 — — — —
PCB-180 2 36.8 1.2 35 3.81 11.28
o-Chlordane 2 94.8 9.7 4.1 33.22 91.35
v-Chlordane 2 95.3 113 39 35.94 90.72
DDE 2 81.6 9.4 43 23.82 42.93
DDT 10 56.6 16.0 79 78.82 169.49
Lindane 10 5.7 — — —

Dieldrin 50 6.6 — — —

Methoxychlor 10 236 36.4 42 31.34 183.88
Pentachlorophenol 5 93.9 71.0 32 199.27 707.87

aDust samples taken with the HVS3 vacuum in the room where the child spent the most time. ?Calculated assuming a log

normal distribution and using the LIFEREG procedure in SAS.
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six PCB congeners (105, 118, 138, 153, 170,
and 180). We used an acid herbicide extrac-
tion method to measure pentachlorophenol.
Detection and quantification were by gas
chromatography/mass spectrometry in the
multiple ion detection mode. Quality con-
trol samples included duplicates, the same
duplicate spiked with 250 ng of each analyte,
and a solvent method blank. We spiked car-
bon-13-labeled surrogate recovery standards
(SRS) representing all major classes of ana-
lytes into all samples before extraction to aid
in identification and as a check on method
performance. All sample batches contained 12
samples, including one duplicate and at least
four case and four control samples; laboratory
personnel were blind to case or control status.

Mean sample recoveries (without SRS
correction) ranged from 85% for PCB-105
to 118% for methoxychlor. The relevant
SRS recovery averages ranged from 82% to
111% in the quality control samples. Results
were similar when we used SRS-corrected
and -uncorrected concentrations; therefore,
we report the uncorrected concentrations.
Table 1 shows the method detection limits
(DLs), detection frequencies, and distributions
of organochlorine chemical concentrations
among controls. Spearman rank correlations
between concentrations of the PCB congeners
were significant (p < 0.05) and ranged from
0.20 for PCB-105 and PCB-180 to 0.71 for
PCB-153 and PCB-180. PCB congeners 118,
138, 153, and 180 were moderately correlated
with chlordane, DDE, DDT, methoxychlor,
and pentachlorophenol; correlations ranged
from 0.18 for PCB-118 and methoxychlor to
0.40 for PCB-138 and methoxychlor.

Statistical analysis. The organochlorine
concentrations distributed log normally, and
analyses were based on the natural log of the
concentration, our primary exposure metric.
We also calculated the chemical loading, an
estimate of the amount of chemical per square
meter of carpet, by multiplying the concen-
tration of the chemical by the dust loading
(amount of fine dust collected divided by the
sampled area). The dust loadings were simi-
lar among cases and controls: cases, median,
0.8 g/m2 (IQR, 0.3-2.6 g/mz); controls,
1.1 g/m? (IQR, 0.4-2.7 g/m?).

For chemicals that were detected in a
minimum of 24% of samples, we used a sin-
gle imputation method (Lubin et al. 2004)
that selects a value from the modeled log-
normal distribution to assign values for sam-
ples that were below the method DL. We
used the LIFEREG procedure in SAS (ver-
sion 9.1; SAS Institute Inc., Cary, NC) to
derive chemical-specific models that included
parameters significantly associated with
the concentrations of the chemical in the
house dust samples among controls; we used
these predictive models to “fill in” imputed
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concentrations for measurements below the
DL. Older homes had higher concentrations
of all of the organochlorine chemicals; there-
fore, we included housing age in all impu-
tation models. We included other factors
significantly associated with concentrations
of specific chemicals in the respective models:
race/ethnicity for DDE (higher in Hispanic
homes) and chlordane (lower in homes of
non-Hispanic nonwhites); age for pentachlo-
rophenol (lower in homes of children < 1 year
of age compared with homes with children
5-7 years of age); year of the dust sampling
(2001-2006) for DDE and chlordane (lower
concentrations in later years); season of dust
sampling for DDT and chlordane (lower
concentrations in the summer and fall com-
pared with winter); residence within 1,500 m
of crops for DDE (higher compared with res-
idences without crops within 1,500 m) and
pentachlorophenol (lower compared with
residences without crops within 1,500 m);
maternal age for pentachlorophenol (higher
in homes of mothers > 30 years of age); and
whether the child was breast-fed > 6 months
for the PCB congeners (higher compared
with homes of children never breast-fed or
breast-fed < 6 months).

For analyses of pentachlorophenol, chlor-
dane, and total PCBs (sum of all congeners),
we categorized the distribution into quartiles
based on measured and imputed values among
controls because few homes had no detections.
For the other chemicals that were detected in
> 20% of homes, the reference group was
those with no detectable concentration, and
we categorized detected concentrations by
tertiles or the median of the detected concen-
tration among controls. We calculated odds
ratios (ORs) and 95% confidence intervals
(Cls) using unconditional logistic regression.
We conducted tests for trend by including
the continuous variable (values below the
DL were based on one imputation) in the
regression models. We adjusted all analyses
for age, sex, and race/ethnicity (non-Hispanic
white, Hispanic, non-Hispanic other race),
which were study matching factors. We
also adjusted for confounding factors that
resulted in changes to the ORs of > 10%.
For the PCBs these included the age of the
home (built before 1980, 1980 or later)
and whether and for how long the mother
breast-fed the child (never/< 6 months, > 6
months). For the other organochlorines, we
adjusted for income (< $30,000, $30,000—
$59,000, > $60,000) and the year and season
of the dust sampling. We evaluated potential
effect modification by breast-feeding status
and maternal age, because breast-feeding is
a source of exposure to persistent organo-
chlorine chemicals for infants, and older
mothers are more likely to have higher serum
concentrations.
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Results

Because of the study design, cases and con-
trols who were eligible for the tier 2 inter-
view had moved less frequently than all study
participants < 8 years of age. This additional
eligibility requirement and, to a lesser extent,
refusals by some eligible participants resulted
in some differences in sociodemographic fac-
tors between the tier 2 study population in
these analyses and the main study participants
< 8 years of age. Tier 2 participants included a
greater percentage of children that were non-
Hispanic whites (39% vs. 34% among cases;
48% vs. 41% among controls), a lower per-
centage of Hispanic children (39% vs. 46%
among cases; 32% vs. 41% among controls),
and a greater percentage of children from
higher-income (= $60,000) households (41%
vs. 35% among cases; 59% vs. 50% among
controls). Tier 2 cases and controls did not
differ significantly by sex, age, race/ethnicity,

Organochlorines and childhood leukemia

urbanicity of their residence, breast-feeding
status and duration, or mother’s age at their
birth (Table 2). Fewer controls than cases
lived in households with incomes < $60,000,
and more controls lived in single-family
homes and were interviewed in the spring or
fall. The duration of residence in the inter-
view home before diagnosis/reference date was
similar for cases and controls [median (IQR):
cases, 2.5 years (1.5-3.8 years); controls, 2.4
years (1.6—4.1 years)] and represented a sig-
nificant portion of the child’s lifetime for
most cases and controls.

Detection of any of the measured PCB
congeners in the dust conferred a 2-fold
increased risk of ALL (OR = 1.97; 95% CI,
1.22-3.17). Compared with those in the low-
est quartile of total PCBs, the highest quartile
was associated with an almost 3-fold risk (OR
=2.78; 95% CI, 1.41-5.48), and the positive
trend was significant (p = 0.017) (Table 3).

Table 2. Characteristics of ALL cases and controls with HVS3 dust samples collected in tier 2 of the
Northern California Childhood Leukemia Study, 2001-2006 [no. (%)].

Cases Controls
Characteristic (n=184) (n=212) p-Value?
Sex
Male 106 (57.6) 117 (55.2) 0.628
Female 78(42.4) 95 (44.8)
Age (years)
0-1 4(2.2) 9(4.3) 0.338
>1-2 23(12.5) 27(12.8)
>2-5 101 (54.9) 126 (59.7)
>5-7 56 (30.4) 50(23.2)
Age (mean + SD) 40+18 38+18
Race/ethnicity
Hispanic 71(38.6) 68(32.1) 0.161
Non-Hispanic white 71(38.6) 102 (48.1)
Non-Hispanic other race 42(22.8) 42(19.8)
Household income (US$)
< 30,000 43(23.4) 32(15.1) 0.002
30,000-59,999 65(35.3) 55(25.9)
> 60,000 76 (41.3) 125(59.0)
Age of the residence
>1980 93(50.5) 116 (54.7) 0.449
1950-1979 38(20.6) 44(20.8)
<1950 25(13.6) 31(14.6)
Unknown 28(15.2) 21(9.9)
Residence type
Single family 148 (80.4) 185(87.3) 0.064
Townhouse/apartment/mobile home/other 36(19.6) 27 (12.7)
Residence location
Urban 133(72.3) 159 (75.0) 0.145
Suburban 27(14.7) 19(9.0)
Rural 21(11.4) 32(15.1)
Unknown 3(2.0) 2(1.0)
Season of interview
Winter 58 (31.5) 36(17.0) 0.001
Spring 50(27.2) 87 (41.0)
Summer 47(25.5) 43(20.3)
Fall 29(15.8) 46 (21.7)
Duration of breast-feeding
Never breast-fed or < 6 months 87(47.3) 93(43.8) 0.095
> 6 months 97 (52.7) 117 (55.2)
Unknown 0 2(0.01)
Maternal age at birth of child (years)
<30 85(46.2) 106 (50.0) 0.450
>30 99(53.8) 106 (50.0)

p-Value derived from chi-square tests for categorical variables; unknown values were excluded for testing case—control
differences for residence location and breast-feeding duration.
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Table 3. ORs (95% Cls) for ALL associated with concentrations and loadings of PCB congeners and organochlorine pesticides in carpet dust samples, 2001-2006.2

Chemical concentration Chemical loading
p-Value p-Value
Concentration (ng/g) Cases Controls OR®(95% Cl) for trend Loading (ng/m?) Cases  Controls 0RY(95% Cl) trend
Total PCBs? Total PCBs?
<23 26 53 1.0 <22 56 53 1.0
231t0<6.0 52 53 2.13(1.14-3.97) 22t0<71 38 53 0.73(0.41-1.31)
6.0to< 155 50 53 217 (1.14-4.13) 711t0<217 4 53 0.70(0.39-1.25)
15.5-434.1 56 53 2.78(1.41-5.48) 0.017 >21.7 47 53 0.82 (0.46-1.47) 0.923
PCB-105? PCB-105°
<DL 161 188 1.0 <DL 161 188 1.0
>DL 23 24 1.10(0.59-2.06) >DL
1t0<99 18 12 1.69(0.78-3.67) <76 1 12 0.99 (0.42-2.36)
9.9-48.6 5 12 0.50(0.17-1.48) 0.018 >76 12 12 1.22(0.52-2.86) 0.871
PCB-118° PCB-118?
<DL 118 150 1.0 <DL 118 150 1.0
>DL 66 62 1.56 (0.98-2.48) >DL
1to<42 21 21 1.62(0.81-3.24) <27 27 21 2.04(1.06-3.92)
42t0<8.7 19 20 1.28(0.63-2.60) 271t0<98 19 20 1.26 (0.62—2.54)
8.7-95.0 26 21 1.78(0.91-3.47) 0.018 >98 20 21 1.37(0.68-2.79) 0.655
PCB-138° PCB-138°
<DL 77 109 1.0 <DL 77 109 1.0
>DL 107 102 1.65(1.07-2.53) >DL
1t0<3.1 26 34 1.20(0.66-2.21) <28 4 34 1.89(1.07-3.32)
311t0<82 45 34 2.06(1.18-3.59) 28t0< 118 36 34 1.63(0.92-2.90)
8.2-1446 36 34 1.70(0.93-3.10) 0.026 >11.8 29 34 1.32(0.71-2.44) 0.690
PCB-153b PCB-153%
<DL 81 109 1.0 <DL 81 109 1.0
>DL 103 103 1.67 (1.06-2.63) >DL
1.1t0<28 32 34 1.41(0.77-2.60) 1t0<26 45 34 2.46(1.36-4.42)
2810<6.2 35 34 1.45(0.80-2.64) 261t0<9.0 26 34 1.15(0.62-2.16)
6.2-176.4 36 35 1.60(0.88-2.89) 0.018 >90 31 35 1.42 (0.76-2.65) 0.656
PCB-170°
<DL(<2) 162 197 1.0
> DL (2-67.9) 22 15 2.05(0.99-4.26) —
PCB-180° PCB-180°
<DL 109 134 1.0 <DL 109 134 1.0
>DL 75 78 1.30(0.82-2.05) >DL
2t0<3.0 28 26 1.36(0.73-2.53) <27 30 26 1.73(0.92-3.26)
30to<6.1 17 26 0.92 (0.45-1.87) 271t0<95 17 26 0.80 (0.40-1.61)
6.1-107.8 30 26 1.59(0.84-3.01) 0.086 >95 28 26 1.44(0.77-2.72) 0.191
o-Chlordane® o-Chlordane®
<35 40 53 1.0 <33 59 53 1.0
351t0<83 44 53 1.18(0.60-2.09) 33t0<108 43 53 0.67 (0.37-1.21)
83t0<229 49 53 1.32(0.71-2.43) 10.8t0<30.4 24 53 0.34(0.18-0.66)
22.9-1,916 51 53 1.27(0.69-2.35) 0.098 >30.4 56 53 0.78(0.42—-1.42) 0.286
DDE¢ DDE¢
<DL 39 39 1.0 <DL 39 39 1.0
>DL 145 173 0.87 (0.51-1.50) >DL
2t0<9.4 38 58 0.74(0.39-1.41) 21t0<8.0 53 58 1.10(0.59-2.07)
94t0<217 59 57 1.08(0.58-2.02) 8.0t0<30.7 43 57 0.78(0.41-1.48)
21.7-850.4 48 58 0.83(0.43-1.59) 0.794 >30.7 47 58 0.69 (0.36-1.34) 0.021
DDTe DDTe
<DL 86 92 1.0 <DL 86 92 1.0
>DL 98 120 0.86 (0.56-1.32) >DL
10t0<38.2 34 40 0.85(0.47-1.52) <3486 4 40 1.12(0.64-1.97)
38.2t0<117.8 29 40 0.77 (0.42-1.41) 34.6t0<164.2 25 40 0.72 (0.38-1.36)
117.8-17,310. 35 40 0.95(0.53-1.69) 0.709 >164.2 32 40 0.73(0.40-1.32) 0.165
Methoxychlor® Methoxychlor®
<DL 150 162 1.0 <DL 150 162 1.0
>DL 34 50 0.79(0.47-1.33) >DL
10to< 185 5 17 0.40(0.14-1.20) 10t0<23.1 8 17 0.67 (0.26-1.74)
185t0<61.6 18 16 1.22(0.58-2.55) 231t0<728 10 16 0.77(0.32-1.81)
61.6-2360 " 17 0.69(0.29-1.62) 0.549 >72.8 16 17 0.90 (0.42-1.94) 0.325
Pentachlorophenol® Pentachlorophenol®
<322 38 49 1.0 <327 51 49 1.0
322t0<75.8 46 50 1.28(0.68-2.40) 32.7t0<82.2 34 50 0.56 (0.29-1.08)
75.8t0<164.7 47 50 1.46(0.78-2.74) 82.21t0< 2725 43 50 0.78(0.42-1.47)
164.7-22,676 31 50 0.84(0.43-1.65) 0.476 >272.5 32 50 0.47 (0.24-0.92) 0.045

aCarpet dust samples taken from the room where the child spent the most time while awake. 0Rs adjusted for age, sex, race/ethnicity, age of home, and breast-feeding duration. ©ORs
adjusted for age, sex, race/ethnicity, income, year, and season of the interview/dust collection.
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Detections of four of the six measured PCB
congeners (118, 138, 153, and 170) were
each associated with significant or margin-
ally significant elevated risk of ALL, with the
highest risk observed for PCB-170 (OR =
2.05; 95% Cl, 0.99-4.26). We found a sig-
nificant positive trend in risk with concentra-
tions of PCB-118 (p = 0.018), PCB-138 (p =
0.026), and PCB-153 (p = 0.017). When we
measured exposure in terms of PCB loadings
(nanograms per square meter), we observed
no association with risk of ALL. ORs for
some specific congeners were elevated but did
not demonstrate significant positive trends
with increasing loadings.

Increasing loadings of DDE and pen-
tachlorophenol were associated with signifi-
cant inverse trends in ALL risk. There were no
other significant or noteworthy findings for
the organochlorine pesticides. Risk estimates
for the PCB congeners were not changed by
adjustment for concentrations of the organo-
chlorine pesticides. The moderate to high cor-
relation between PCB congeners precluded
mutual adjustment of the individual conge-
ners for each other. When we excluded chil-
dren 2-7 years of age who lived at their tier 2
home for < 1 year before the diagnosis or ref-
erence date, we obtained similar results for
both the PCBs and organochlorine pesticides.

We observed consistently higher risks of
ALL associated with detections of total PCBs
and individual PCB congeners in carpet dust
samples among non-Hispanic whites compared
with Hispanics (Table 4). These differences
were statistically significant for total PCBs and
PCB-153 (p-value for interaction = 0.016 and
0.015, respectively). We observed similar results

in analyses by concentration of total PCBs and
individual congeners (data not shown). ORs
for PCB loadings tended to be higher among
non-Hispanic whites; however, as we observed
for all racial/ethnic groups combined, we found
no significant trends in either group (data not
shown). We found no significant differences by
ethnicity for concentrations or loadings of the
organochlorine pesticides (data not shown).
Among controls, the distribution of total
PCBs was similar for Hispanics, non-His-
panic whites, and non-Hispanics of other
races (Figure 1); thus, differences in house-
hold exposures are unlikely to explain the
differences in observed risk. We evaluated
potential confounding and effect modifica-
tion by several factors that differed between
Hispanics and non-Hispanic whites, the two
largest ethnic groups. Hispanics reported
fewer hours of child care attendance, shorter
duration of breast-feeding, younger mater-
nal age, lower income, and a greater number
of children in the household compared with
non-Hispanic whites. Adjustment for these
factors in separate models by ethnicity did not
substantially change the association with total
PCBs in either group. We also we stratified
our analyses by these factors. Among non-
Hispanic white children, ORs increased with
total PCB concentrations within all strata,
whereas among Hispanics risk was elevated
only among children of older mothers (> 30
years) and in households with only one or no
other children. The ORs for individual PCB
congeners showed a similar pattern (data not
shown). Among all racial/ethnic groups com-
bined, we found little evidence of effect modi-
fication by these factors (data not shown).

Table 4. ORs (95% Cls) for childhood leukemia associated with detections of total PCBs and individual PCB
congeners in the home, for non-Hispanic whites and Hispanics.?

Non-Hispanic white Hispanic

Compound Cases (n)  Controls (n) 0R?(95% Cl) Cases (n) Controls (n) 0R?(95% Cl)
Any PCB

All <DL 7 40 1.0 20 21 1.0

Any > DL 64 62 6.3(2.5-16.0) 51 47 1.15(0.54-2.44)
PCB-105

<DL 60 93 1.0 62 56 1.0

>DL " 9 2.01(0.78-5.21) 9 12 0.71(0.27-1.89)
PCB-118

<DL 38 7 1.0 51 50 1.0

>DL 33 31 1.97 (1.02-3.77) 20 18 0.98(0.44-2.19)
PCB-138

<DL 24 52 1.0 32 36 1.0

>DL 47 49 2.03(1.07-3.87) 39 32 1.39(0.68-2.80)
PCB-153

<DL 17 54 1.0 40 36 1.0

>DL 53 49 3.66 (1.80—7.44) 31 32 0.84(0.41-1.73)
PCB-170

<DL 60 95 1.0 63 64 1.0

>DL " 7 2.76 (0.97-7.80) 8 4 1.91(0.51-7.10)
PCB-180

<DL 32 39 1.0 44 48 1.0

>DL 39 40 1.84(0.98-3.46) 27 20 1.52(0.73-3.14)

aCarpet dust samples taken from the room where the child spent the most time while awake. 0Rs adjusted for age, sex,

race/ethnicity, age of home, and breast-feeding duration.
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Discussion

Our study is the first evaluation of the rela-
tionship between residential concentrations
of PCBs and risk of ALL in children. We
observed increased risk of ALL with increasing
concentrations of total PCBs and with specific
PCB congeners in dust samples taken from
the room in which the child spent the most
time. In contrast, dust levels of the persistent
organochlorine pesticides DDT, DDE, chlor-
dane, methoxychlor, and pentachlorophe-
nol were not associated with increased risk.
PCBs are probable human carcinogens and
cause perturbations of the immune system,
and concentrations in house dust and plasma
have been associated with increased risk of
adult NHL in epidemiologic studies (Colt
et al. 2005; De Roos et al. 2005; Engel et al.
2007). Our findings suggest that residential
exposure to PCBs may represent a previously
unrecognized risk factor for the development
of ALL in young children.

The associations we observed with specific
PCB congeners were consistently stronger
among non-Hispanic whites compared with
Hispanics. We were unable to explain this
effect modification, although unmeasured fac-
tors such as cultural or biological character-
istics may have been responsible. It is also
possible that residential dust samples were
not an important source of exposure among
Hispanic children in our study or that other
unmeasured sources of exposure were more
important, resulting in misclassification that
would have obscured positive associations
with risk. For example, Hispanic children
may have spent more time away from their
home in the care of relatives. We did not have
information on the usual amount of time
spent in the home or in the room where we
conducted the dust sampling, which would
have partly addressed this question.

Residential exposure to PCBs and child-
hood leukemia risk has not been evaluated

1,000 3

B Hispanic
O Non-Hispanic white
% Other

100 4

Total PCB (ng/g)

0.01 T T T T T 1
-3 -2 -1 0 1 2 3

Standard normal quantile

Figure 1. Quantile—quantile plot of summed PCB
concentrations for Hispanic, non-Hispanic (NH)
white, and other racial groups. The fitted line,
which is based on all measurement data, repre-
sents log-normally distributed data with geometric
mean of 5.63 ng/g, geometric SD of 4.65 ng/g, and
arithmetic mean of 16.23 ng/g.
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previously in a population-based study. A
small study comparing bone marrow concen-
trations of PCBs in 38 children with ALL and
15 healthy children selected from the same
hospital found no significant differences in
mean concentrations across the two sample
pools (Scheele et al. 1992). That study was
limited by a small size, measurement of PCBs
in samples collected postdiagnosis, and use
of a comparison group that may not have
been representative of the general popula-
tion. Case—control and cohort studies of adult
NHL in the general population have shown
consistent positive associations between PCB
concentrations and risk (Engel et al. 2007).
A population-based case—control study mea-
suring PCBs in both house dust and plasma
samples found increased NHL risk for both
exposure assessment methods (Colt et al.
2005; De Roos et al. 2005), suggesting that
house dust may be a good exposure indicator
even in an older population.

We found no associations with child-
hood ALL for the organochlorine pesticides.
Although self-reported parental occupational
and residential exposures to pesticides have
been associated with increased ALL risk in
many studies (Buffler et al. 2005; Daniels
et al. 1997; Infante-Rivard and Weichenthal
2007; Zahm and Ward 1998), nearly all of
them lacked information on specific pesti-
cide active ingredients. A study in Costa Rica
(Monge et al. 2007) reported a nonsignifi-
cantly elevated risk of childhood leukemia
associated with organochlorine pesticide use
by the father during the pregnancy; how-
ever, results were based on small numbers,
and ORs for specific pesticides were not pre-
sented. Among a cohort of agricultural pesti-
cide applicators, paternal preconception use
of aldrin was associated with an elevated risk
of all childhood cancers; however, the num-
bers were too small to evaluate specific can-
cer types (Flower et al. 2004). Occupational
exposure to chlordane has been linked to an
elevated risk of adult leukemia in some stud-
ies (Brown et al. 1990; Purdue et al. 2007).
In contrast to our findings, two case series
reported blood dycrasias and leukemias after
professional pest control treatments of resi-
dences with chlordane (Epstein and Ozonoff
1987; Infante et al. 1978), providing limited
evidence that residential chlordane exposure
may disrupt the immune system in humans.

Based on mechanistic studies, animal
studies, and epidemiologic studies of cancer in
adults, the International Agency for Research
on Cancer and the U.S. Environmental
Protection Agency consider PCBs to be
probable human carcinogens (International
Agency for Research on Cancer 1997; U.S.
Environmental Protection Agency 2005).
PCBs are thought to exert their carcinogenic
effect through several possible mechanisms,
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depending on the specific congener and tumor
site. These include binding to the aryl hydro-
carbon receptor, promotion of cell prolifera-
tion or inhibition of apoptosis, and toxicity
to immune cells (Levin et al. 2005; Safe 1993;
Tryphonas 1994; Wolff et al. 1997). All of
the PCB congeners that we measured have
demonstrated immunotoxic effects (Harper
et al. 1995; Wolff et al. 1997) and, except for
PCB-105, were individually associated with
elevated risk of ALL.

Children may be exposed to PCBs and
persistent organochlorine pesticides iz utero,
through breast-feeding and other dietary
sources, through inhalation, and through
ingestion of house dust (Calabrese et al.
1989; Guvenius et al. 2003; Hooper et al.
2007; Wilson et al. 2001). Young children
are estimated to ingest about 100 mg of
dust per day (Davis et al. 1990). Levels of
PCBs and other organochlorine chemicals in
blood, breast milk, and dietary sources have
decreased considerably since the early 1970s
(Furst 2006; Laden et al. 1999; Schecter et al.
2005). Accordingly, exposure to environmen-
tal sources such as dust and soil via inges-
tion, inhalation, and dermal absorption might
account for an increasingly large share of chil-
dren’s exposure to these chemicals. A study
of preschool children in the United States
found that indoor air and dietary sources
were responsible for most exposures to PCBs
(Wilson et al. 2001). PCB concentrations
in carpet dust may be a good predictor of
indoor air concentrations because carpets act
as a reservoir for continued volatilization, and
chemicals absorbed to suspended particles
can be inhaled (Butte and Heinzow 2002).
Sources of PCBs in carpet dust, particularly in
older homes, include paints, sealants, caulk-
ing, floor finishing products, and older light
fixtures (Herrick et al. 2004, 2007; Rudel
et al. 2008).

Although PCB concentrations in carpet
dust were associated with increased leukemia
risk, PCB loadings were not. The loading incor-
porates the concentration and amount of dust
collected per area of carpet sampled (i.e., con-
centration multiplied by the total dust collected
per square meter of carpet) and is postulated to
be a more accurate indicator of exposure for
small children (Bradman et al. 1997; Lanphear
et al. 1996). However, the amount of dust
collected is likely to reflect recent vacuuming
practices, and a single measurement of dust
loading would not be reliable if there is a large
variation in dust loading within a house or over
time. Thus, incorporating the dust loading into
the exposure metric may have introduced ran-
dom error and obscured concentration-based
associations with risk.

Our exposure assessment method is
a major strength of our study. We con-
ducted environmental sampling to measure

concentrations of persistent organochlorine
chemicals in the room in which the child
spent the most time. Although it is desirable
to do so, prospective or pretreatment expo-
sure measurements in blood samples are dif-
ficult to obtain because of the rarity of the
disease and the very young age of most chil-
dren. Residential carpet dust sampling pro-
vides an alternative exposure assessment
method that allows identification of individ-
ual compounds and is not subject to recall
bias. Organochlorine pesticides and PCBs
are known to persist in carpets, where they
are protected from degradation by sunlight,
moisture, and microbes, and most homes had
detectable levels of these chemicals in the dust
samples. Other strengths of our study include
the rapid case ascertainment, population-based
selection of controls, and high participation
rates for the tier 2 interview.

A limitation of our study was the moder-
ate number of participants with HVS3 dust
samples, particularly after stratifying by eth-
nicity, limiting our statistical power. Further,
our study population was limited to those
who had not moved since the diagnosis or ref-
erence date. If PCB and organochlorine con-
centrations were substantially different among
those who were less residentially stable, our
results may not be generalizable to the gen-
eral population. Another limitation, common
to many case—control studies, was the lower
response rates among controls compared with
cases. Our population-based controls were
previously shown to be comparable with all
eligible controls with respect to maternal his-
tory of fetal loss, birth weight, birth order,
and time since last live birth (Ma et al. 2004).
In the present analysis, cases and controls in
all ethnic groups were significantly different
with respect to household income. However,
income was not associated with PCB con-
centrations and was not a confounder in our
analyses. Moreover, analyses stratified by
income showed similar associations between
PCB concentrations and ALL risk, providing
some assurance that our findings were not
caused by selection bias. The fact that we did
not observe associations for other persistent
organochlorine chemicals provides additional
evidence against selection bias.

The positive association observed for
PCBs and ALL could have been attributed
to other chemicals in the home that were
highly correlated with PCBs. Although we
were able to rule out confounding by the
organochlorine pesticides measured in this
study, we did not measure concentrations of
polybrominated diphenyl ethers (PBDEs),
which have become common environmen-
tal contaminants because of their increased
use as fire retardants since the 1970s. Several
studies (Bradman et al. 1997; Furst 20006;
She et al. 2007), including a cohort study
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of Hispanic women with young children in
Salinas County, California (Bradman 2007),
found no correlation between PCB-153 and
PBDE concentrations in maternal blood
samples, suggesting different routes of expo-
sure for these classes of chemicals. However,
future analyses of residential concentrations of
organochlorine chemicals, PBDEs, and other
pesticides will be informative.

In summary, we observed an increasing
risk of ALL associated with increasing residen-
tial concentrations of PCBs. PCBs are consid-
ered probable human carcinogens and cause
perturbations of the immune system. We
found no evidence of a relationship between
ALL risk and exposure to DDT, DDE, chlor-
dane, or pentachlorophenol. Additional stud-
ies are needed to further evaluate these highly
suggestive findings.
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